Introduction
The Li ± Fraumeni syndrome (LFS) is a paradigm of hereditary predisposition to childhood and adult-onset cancers. The syndrome is generally de®ned by the following criteria: (1) a bone or soft tissue sarcoma diagnosed under 45 years of age in an individual who is then designated the proband; (2) one ®rst degree relative of the proband with cancer diagnosed before 45 years of age; and (3) one ®rst or second degree relative of the proband in the same parental lineage with cancer under 45 years, or sarcoma diagnosed at any age (Li et al., 1988) . Germline mutations of the p53 tumour suppressor gene are associated with the majority of LFS families (Malkin et al., 1990; Srivastava et al., 1990 Frebourg et al., 1995 , Malkin, 1998 . Somatic inactivation of the p53 tumor suppressor allele results in tumor formation. However, aside from gene loss, the mechanisms of somatic p53 inactivation are generally not known. We used the Li ± Fraumeni syndrome as a unique model of nature to assay alternative mechanisms of inactivation of normal p53 in human tumor formation.
The most frequently observed cancers reported in LFS include soft tissue sarcoma, breast cancer, adrenocortical carcinoma, brain tumor and leukemia . Numerous other cancers have also been reported with somewhat less frequency (Kleihues et al., 1997) . Rhabdomyosarcoma is the most common early onset cancer in LFS families, and is the most common sarcoma of childhood, representing 10 ± 15% of all childhood malignancies (Kramer et al., 1983) . Although the etiology of RMS is not known, several lines of epidemiologic evidence suggest that a proportion of patients is genetically susceptible to tumor development. A subset of patients with RMS harbor one constitutionally altered p53 allele, independent of a family history of cancer consistent with the LFS or its variants (Diller et al., 1995; Brugieres et al., 1993) . Choroid plexus tumors account for 2 ± 5% of pediatric brain tumors, and choroid plexus carcinomas (CPC) account for greater than 25% of all choroid plexus neoplasms of childhood (Carpenter et al., 1986; Packer et al., 1992) . The etiology of CPC, like RMS, is not known, although CPCs are also commonly observed in families with the LFS (Jolly et al., 1994; Yuasa et al., 1993) . Osteosarcoma is another commonly observed component tumor of LFS. Furthermore, approximately 10% of patients with sporadic osteosarcoma harbor germline mutations of either the RB1 or p53 tumor suppressor genes (Miller et al., 1996; McIntyre et al., 1994) . Renal cell carcinoma is more commonly associated with von Hippel ± Lindau disease than LFS; nevertheless, it too has been reported to occur in LFS families (Sedlacek et al., 1998) .
Approximately 50% of tumors that develop in LFS patients retain the normal p53 allele (Sedlacek et al., 1998; . However, the mechanism by which tumor formation occurs in these patients has not been determined. We evaluated the mechanism of p53 inactivation in LFS patients with multiple tumors. Based on previous ®ndings of polyomavirus (e.g. SV40) DNA in CPC and OS tumors (Bergsagel et al., 1992; Carbone et al., 1996; Mendoza et al., 1998) , our studies were directed at viral oncoprotein mechanisms of second hits in the loss of normal p53 function. We found that both genetic and epigenetic mechanisms of p53 inactivation occur in LFS patients. These results suggest that viral proteins that inactivate tumor suppressor genes may contribute to oncogenesis in speci®c tissues of genetically susceptible individuals.
Results

Clinical presentation
Patient 1 At the age of 6 months, a previously healthy male infant was noted to have fullness of the right side of his face. At 11 months, biopsy of a right zygomatic mass revealed an embryonic rhabdomyosarcoma. Computerized tomographic and magnetic resonance imaging delineated the parameningeal extent of the RMS, as well as coincidentally identifying a second mass in the left cerebral ventricular system. The intracerebral mass was resected, and pathologically identi®ed as a CPC. Twenty months after diagnosis, following both chemotherapy and radiotherapy, the patient died with disseminated intraspinal extension of his RMS. No postmortem examination was performed. The family history was remarkable for a paternal uncle treated for a malignant ®brohistiocytoma of the humerus at age 31, who then developed a benign parotid gland tumor at age 40. The patient's paternal grandmother died at age 30 of a malignant brain tumor. There was no history of cancer on the maternal side. The child was therefore the proband in a family with an LFS phenotype ( Figure 1a ).
Patient 2 At the age of 12 months, a previously healthy male infant presented with an intracranial mass which upon surgical resection revealed a choroid plexus carcinoma. The patient was treated with multi-agent chemotherapy, and following a second resection upon tumor regrowth, has had no subsequent recurrences.
He presented again at age 16 years with swelling of the left temporal area and was noted on biopsy to have an osteosarcoma. Although this tumor was non-metastatic, on staging he was found to have a bilateral renal cell carcinoma with primary disease in the left kidney and a metastasis or synchronous primary in the right kidney. Focal nodular hyperplasia of the liver was con®rmed from biopsy of an isolated hepatic mass. The osteosarcoma was treated with surgical resection and multi-agent chemotherapy, and the renal cell carcinoma was resected. He is currently disease-free. The child's mother died of a`cerebral aneurysm' in her 30's. There is no history of cancer on the mother's side of the family. The medical history of the paternal side of the family is not known (Figure 1b ).
p53 gene analysis
To evaluate whether patient 1 harbored a germline p53 mutation, high molecular weight genomic DNA was prepared from peripheral blood leukocytes obtained from the proband and his parents. Nine sets of primers were generated to amplify DNA fragments spanning exons 2 ± 11 of the p53 gene, encompassing the intronexon junctions. SSCP analysis demonstrated similar altered band patterns in the p53 exon 5 fragment of (Figure 2a) . In both individuals' samples, the normal p53 gene could also be detected, indicating the heterozygous nature of the mutation in the blood.
PCR ampli®cation of p53 exon 5 was performed on each tumour from this patient, and the PCR products were sequenced. The RMS demonstrated reduction to homozygosity of the mutant R175H allele, whereas the CPC demonstrated retention of heterozygosity ( Figure  2b ). The entire p53 gene was sequenced to determine whether other mutations were present in the tumors. No other mutations were observed (data not shown). To determine the localization of the p53 protein expressed in both tumours, immunohistochemical analysis was performed using mouse monoclonal antibodies p53 (Ab-6), clones DO-1 and DO-7, and p53 (Ab-2), clone 1801 which recognize both mutant and wild-type conformations of p53. Representative sections stained with DO-7, which yielded the least background staining, are shown in Figure 3 . Exclusive nuclear localization of p53 was demonstrated in the RMS ( Figure 3A , panel b), whereas in the CPC the antibody localized to both the nucleus and the cytoplasm (`punctate staining', Figure 3A , panel d).
Normal control choroid plexus epithelium (obtained from the Brain Bank in the Department of Pathology, Hospital for Sick Children) demonstrated no evidence of p53 immunopositivity. These results indicate that inactivation of p53 function in the RMS was accomplished by inheritance of one mutant allele followed by deletion of the second, normal, allele. In contrast, inactivation of normal p53 function in the CPC must be accomplished by a non-genetic event, as the gene and its encoded protein were retained in the tumour.
For Patient 2, SSCP analysis demonstrated similar altered band patterns in the p53 exon 8 fragment from normal liver tissue, as well as of the CPC and renal cell carcinoma (RCC). PCR products could not be consistently ampli®ed from the osteosarcoma, suggesting that signi®cant DNA degradation had occurred perhaps secondary to tissue preservation techniques. DNA sequence analysis of all samples with band shifts demonstrated a C to T transition at the ®rst position of codon 273 yielding an amino acid change from arginine to cysteine (Figure 2 , panels c ± e). In each sample, normal p53 could also be detected, indicating the heterozygous nature of the mutation. The entire p53 gene was sequenced to determine whether other mutations were present in the tumors. No other mutations were observed (data not shown). 
Detection of SV40 T-antigen
Based on previous reports of SV40-like DNA sequences in childhood choroid plexus tumours (Bergsagel et al., 1992) , in osteosarcoma (Carbone et al., 1996; Mendoza et al., 1998) , and its tropism to renal epithelium, we asked whether the presence of SV40 T-antigen could account for the`second-hit' in both patients' CPCs and the RCC and osteosarcoma in Patient 2. The degraded nature of the DNA from Patient 2's osteosarcoma made it uninformative. Total genomic DNA was extracted from normal and tumour tissue sections. PCR ampli®cation of a 574 bp SV40-speci®c T-antigen sequence encompassing the intron and the Rb-binding pocket was performed using the SVfor3 and SVrev primers (Figure 4a,b) . The positive control, pAC373.SV, contained the cDNA for SV40 large T-antigen that ampli®es an intronless (*250 bp) fragment with these primers. For Patient 1, the 574 bp fragment was consistently ampli®ed from the CPC, whereas on greater than 10 attempts, this sequence could not be ampli®ed from the RMS. When the 574 bp PCR product was digested with BstX1, products speci®c to SV40 were obtained (Figure 4a ). Direct DNA sequence analysis of the ampli®ed fragment con®rmed that it was derived from SV40 (in comparison to GenBank sequences, data not shown). For Patient 2, the quality of DNA ampli®ed from the paran-embedded tissue was relatively poorer than for Patient 1, and long PCR products could not be ampli®ed. However, using the SVfor3 and SVRev primers, a smaller 105 bp fragment was consistently ampli®ed from the CPC, the RCC, whereas on greater than 10 attempts, this sequence could not be ampli®ed from the normal liver or renal tissue ( Figure 4b ). As with samples from Patient 1, direct DNA sequence analysis of the ampli®ed fragment con®rmed that it was derived from SV40 (in comparison to GenBank sequences, data not shown). PCR ampli®cations for similar sequences from the related BK and JC viruses were negative.
In order to determine whether the SV40 T-antigen protein was expressed, immunohistochemical analyses were performed using a primary antibody (PAb419) (Crawford et al., 1982) derived from ascitic¯uid of SV40 transgenic mice (kindly provided by Dr Terry Van Dyke, UNC). As shown in Figure 5 , there was no SV40 T-antigen staining in the RMS of Patient 1 ( Figure 5A, panel b) . However, diuse punctate staining was present in Patient 1's CPC ( Figure 5A , T-antigen to normally localize to the nucleus, mutant forms of the virus are reported in vitro to sequester p53 in the cytoplasm, limiting its ability for intranuclear transport (Dobbelstein and Roth, 1998) . The immunohistochemistry was therefore consistent with the PCR results, and indicated that SV40 T-antigen was not only present but also expressed in these tumors.
Discussion
The analysis of two Li ± Fraumeni syndrome individuals led to an investigation of how the function of the normal p53 allele was lost in their tumors. We found that dierent tumors in individuals harboring a point mutation in a germline p53 allele may have the normal allele/protein inactivated by distinct mechanisms ± either genetic loss of the normal allele or functional disruption of the p53 protein by its interaction with a viral oncoprotein, namely T-antigen. Our observations indicate that the`second hit', as suggested by Knudson, can be distinct for dierent cell types in the same host.
Although the mechanisms of the second hits were independent in our patients, the latency to malignant transformation and eventual tumor formation following functional inactivation of p53 was similar in embryologically unrelated tumors. Analysis of tumors occurring in p53 heterozygous knockout mice demonstrate that a signi®cant proportion (*40%) retain the normal allele (Venkatachalam et al., 1998) . These observations are recapitulated in tumors derived from LFS carriers with germline p53 mutations in which the normal allele is frequently retained in the cancer (Sedlacek et al., 1998; . It has been suggested that a reduction iǹ functional expression' of the normal allele leads to p53 inactivation, cell cycle dysregulation and malignant transformation (Dobbelstein and Roth, 1998) . Inactivation of the wild-type allele can also be achieved by a transdominant-negative eect of the certain mutant alleles. Nevertheless, at least in some LFS patients this reduction in p53 function may be a result of a virus infection, in this case by SV40, in speci®c tissues to which the virus is tropic through expression of the viral T-antigen which can inactivate p53 by direct binding. This association of SV40 with LFS-associated tumors was suggested in previous analyses of tumor DNA from LFS family members where SV40 DNA sequences were detected in bone tumors and in one uncharacterized LFS patient with a CPC (Bergsagel et al., 1992; Carbone et al., 1996) .
Detection of SV40 in human tissue has been previously criticized as artifact (Carbone et al., 1997; Butel and Lednicky, 1999) . The observation that SV40 T-antigen DNA and immunostaining were present only in the CPC and not in parallel RMS tumor and normal lymphocyte samples from Patient 1, and that SV40 Tantigen DNA were present only in the CPC and RCC, and not in the parallel normal liver from Patient 2, eectively controls for artifacts derived from laboratory contaminants. Furthermore, SV40 strains had not previously been used in the laboratory carrying out the PCR. The lack of BK and JC virus PCR ampli®cation is important in that T-antigens derived from these viruses are closely related to that of SV40 and, if present, could have confounded the immunohistochemical identi®cation of SV40 T-antigen. However, these viruses have been detected by PCR in other tumor types, and their T-antigens may play a role in tumor induction similar to the p53 binding of SV40 T-antigen suggested by these patients (Flaegstad et al., 1999; Krynska et al., 1999) . In particular, the recent report of punctate cytoplasmic staining of p53 in human neuroblastomas containing BK virus T-antigen (similar to that seen for p53 in the CPCs in this study), suggests that polyomavirus T-antigen binding to p53 may have a distinctive immunohistochemical pattern in human cells (Flaegstad et al., 1999) .
The literature is extant with reports of SV40 and SV40-like genomic fragments in various human tumours, most frequently ependymomas, choroid plexus tumors, osteosarcomas and mesotheliomas. The role of SV40 in these tumors has remained in question partly because of the inter-observer lack of reproducibility of results and of the lack of a genetic mechanism to explain tumor formation. The immunohistochemical analysis of SV40 T-antigen in our patient's CPC may explain diculties in reproducing PCR ampli®cation of SV40 in these samples. As shown by our immunohistochemistry results, a relative minority of transformed cells actually expresses Tantigen protein. Thus, all or part of the viral genome may be lost upon clonal expansion and malignant transformation, i.e. hit-and-run tumor initiation. This mechanism of tumor formation with the detection of progressively decreased expression of SV40 T-antigen has been observed in both the choroid plexus and hepatocellular tumor mouse models in which not only is the level of T-antigen expression highest in the embryonic tissue, but in fact some tumor nodules are negative for T-antigen (Brinster et al., 1984; Ewald et al., 1996) . If SV40 T-antigen is etiologically important in the development of the tumors, we might expect SV40 DNA (and T-antigen expression) to be present in all the tumor cells. However, because of the prediction of cellular genetic changes over time in the tumor progression model, it is possible that the accumulation of such mutations makes T-antigen functions dispensable in late-stage tumors, permitting the loss of SV40 T-antigen DNA from some tumor cells (Chen et al., 1992) . Whether the sequence of primary inactivation of p53 by mutation followed by SV40-associated inactivation applies to tumors not in LFS families remains to be determined. At this point, one can only speculate on the mechanism of acquisition of SV40 in these children. Transplacental vertical transmission cannot be ruled out, as normal tissue from the mothers was not available for study. Acquired infection in the children also cannot be evaluated because serum samples were not available for antibody screening. However, the previous observation reported by Carbone et al. (1996) in which 10 of 11 osteosarcomas from LFS patients were SV40-positive (p53 status unknown), suggests that a primary p53 mutation establishes a background upon which SV40 can then provide the second event leading to complete abrogation of normal p53 function. Although transgenic mice expressing SV40 T-antigen under the natural viral promoter uniformly develop choroid plexus tumors, evidence for a cause and eect role for polyomaviruses in human tumorigenesis has been inferential (Van Dyke et al., 1987) . In light of recent studies suggesting the predominant role of the environment in the etiology of human cancers (Lichtenstein et al., 2000) , the observations outlined in this study suggest the intriguing possibility of a functional balance of an epigenetic (viral) etiologic event acting in the presence of an underlying genetic alteration (germline p53 mutation) in the development of selected cancers in Li ± Fraumeni syndrome. Viruses, such as human papillomaviruses and SV40, that express proteins which interact with critical tumor suppressor gene products may contribute to tumor induction in speci®c tissues particularly when accompanied by other genetic changes that facilitate cell growth control.
Materials and methods
DNA extraction
DNA was extracted from blood samples (obtained after informed parental consent) from Patient 1 and his parents, using a standard red blood cell lysis/nuclei lysis method with phenol/chloroform puri®cation and ethanol precipitation. DNA was extracted from a total of 100 m of tissue sections from the two tumors in Patient 1 and the three tumors of Patient 2 after xylene de-paranization and alcohol rehydration. Normal liver obtained from a biopsy at the time of metastatic evaluation was used as a source of constitutional (germline) tissue from Patient 2 for whom blood could not be obtained. A modi®ed method of proteinase K digestion, phenol/chloroform puri®cation, and ethanol precipitation was used for extraction from all tissue samples. Separate blades were used to cut sections from each tumor and tissue block to reduce the possibility of cross-contamination.
p53 PCR analysis
The p53 primer sequences and lengths of the ampli®ed fragments have been previously published (Mashiyama et al., 1991; Peng et al., 1993) . Samples were screened for p53 mutations using published primers for all exons with minor modi®cations to the primers spanning exon 10. The PCR reactions were performed using AmpliTaq Gold DNA polymerase (Perkin Elmer Cetus). Thermocycling was performed by denaturation at 958C for 10 min, followed by cycling 30 times at 948C for 45 s, at 558C for 45 s, and at 728C for 45 s. PCR samples were analysed by single strand conformational polymorphism (SSCP) analysis using a standard protocol. Each fragment was analysed using at least two electrophoretic and gel constitution conditions, with both positive and negative controls to ensure that known mutations could be detected. Mutations in exon 5 were detected in Patient 1, the primer sequences for which are 5U1 5'-TTCCTCTTCCTACAGTACTC-3' and I5R 5'-GCAAC-CAGCCCTGTCGTCTC-3'. Mutations in exon 8 were detected in Patient 2, the primer sequences for which are 
SV40 PCR analysis
The primers used to amplify SV40 sequences were Svfor2 (5'-CTTTGGAGGCTTCTGGGATGCAACT-3') from nucleotide 4945 to 4921, svfor3 (5'-TGAGGCTACTGCTGACTCT-CA-3') from nucleotide 4454 to 4477, and SvRev (5'-GCATGACTCAAAAACTTAGCAATTCTG-3') from nucleotide 4372 to 4399 (Bergsagel et al., 1992) . The PCR reactions were performed using AmpliTaq Gold DNA polymerase (Perkin Elmer Cetus). Thermocycling using primers Svfor2 and SVRev was performed by denaturation at 958C for 10 min, followed by cycling 30 times at 948C for 1 min, at 578C for 1 min and at 728C for 1 min with a ®nal extension of 728C for 15 min. At this point another aliquot of Taq was added to each reaction and a further 30 cycles were performed. A total of 60 cycles was performed for DNA samples extracted from paran. The expected PCR product size using this primer set is 574 bp. Thermocycling using primers Svfor3 and SVRev was performed by denaturation at 958C for 10 min, followed by cycling 40 times at 948C for 1 min, at 608C for 1 min and at 728C for 1 min with a ®nal extension of 728C for 15 min. The expected PCR product size using this primer set is 105 bp. PCR samples were analysed on a 3% (NuSieve, SeaKem) agarose gel.
Sequence analysis of PCR products
Each sample determined to have an abnormal p53 gene by band shift on SSCP analysis was ampli®ed with the SSCP primers encompassing the respective abnormal region. Fragments were then either subcloned for sequencing or sequenced directly. A T-tailed pBSK vector was used for subcloning, and at least six independent clones were sequenced in both directions by the Sanger dideoxide method with a Sequenase 2.0 kit (US Biochemicals/Amersham Corp., Arlington Heights, IL, USA). Direct DNA sequencing of double-stranded PCR ampli®ed products, pre-treated with exonuclease I/shrimp alkaline phosphatase to eliminate any unincorporated primers or dNTPs from the PCR product, was performed using the Thermo Sequenase sequencing kit (Amersham Life Sciences). Sequencing as above was also used for the analysis of the 105 bp SV40 product. The 574 bp SV40 PCR product was sequenced using the automated ABI Prism 377 Sequencer (Applied Biosystems, Inc.).
p53 Immunohistochemistry
Immunohistochemistry was performed using an indirect immunoperoxidase/antigen retrieval enhancement protocol.
Sialinated slides were prepared using 5 m sections of tumour tissue. No sections from the osteosarcoma were available for immunohistochemical analysis. The quality of the limited number of renal cell and choroid plexus carcinoma sections available from Patient 2 was poor. Mouse monoclonal antibodies p53 (Ab-6), clones DO-1 and DO-7 and p53 (Ab-2), clone 1801 were used for immunostaining each tissue sample. The antibodies react with both mutant and wild-type p53.
SV40 large T immunohistochemistry
Slides were prepared using 5 m sections of tissue. The sections were dewaxed and hydrated according to standard immunohistochemistry protocol. Speci®c to this procedure, a trypsin pretreatment of sections was performed before immunostaining. Trypsin (1 mg/ml, PBS) was applied to each section and incubated at 378C for 15 min. The immunostaining was performed using the Vectastain Elite ABC kit (Vector Laboratories Inc.). The primary antibody used was PAb419, originally derived from ascitic¯uid generated in an SV40 T antigen-transgenic mouse (Crawford et al., 1982) (kindly provided by Dr Terry Van Dyke, University of North Carolina, NC, USA). Slides were incubated overnight at 48C. The primary antibody was detected by the addition of a biotynilated anti-mouse IgG anity puri®ed secondary antibody. The biotinylated secondary antibody was then detected using the kit reagent, which is a macromolecular complex between avidin and biotinylated enzyme. The antibody complex was visualized by adding DAB (3,3-diaminobenzidine) substrate. Slides were then counter-stained with hematoxylin, dehydrated and mounted using standard immunohistochemistry protocol. For both the p53 and SV40 T antigen studies, sections of normal choroid plexus epithelium obtained from the Brain Bank of the Department of Pathology, Hospital for Sick Children were used.
